The effects of built-in biaxial strain on r-X transport in a-GaAsli-In,Al,-,As/n-GaAs pseudomorphic single-barrier structures (x=0, 0.03, and 0.06j are studied by measuring temperature-dependent I-V characteristics. For the accurate characterization of electron transport across each barrier, a self-consistent numerical model is used to analyze the experimental results. For each structure, the four barrier parameters defined from the thermionic-field-emission theory, the effective Richardson constant A*, the conduction-band offsets AECrz, and a tunneling mass d-are extracted by calculating the theoretical I-V characteristics and fitting them to the experimental I-V-T data. The experimentally obtained X-point conduction-band shifts with the addition of indium are compared with the theoretical results calculated based on the model-solid theory. The results indicate that the addition of iridium not only splits the degenerate X minima of the In.& -Js barrier, but also shifts the relative barrier heights of both longitudinal and transverse X valleys due to the alloy-dependent band-structure modification. The comparison between the experimental and theoretical results illustrates that the transverse X valleys are the main conduction channel for the T-X transport across In,Al,-,As pseudomorphic barriers. 0 1994 American Institute of Physics.
I. INTRODUCTION
Recently, AI,Ga, -,AsiGaAs tunneling heterostructures have attracted considerable interest in view of their numerous potential device applications. '-4 The investigations of these structures have demonstrated that the X-point energy plays a very important role in the electron transport when the conduction-band structure changes from the l? point to the X point (.~>0.45).~-~~ The experimental study by Solomon and co-workers5 on the I-V characteristics of n-GaAsj i-Al~Ga,+4s/n-GaAs barriers with different aluminum mole fractions showed that the perpendicular electron transport across these barriers occurs through the l? point for low Al fraction devices, but through the X point for high Al fraction devices.
For transport through the sixfold X valleys, lying in the (100) directions in the Brillouin zone, there are two different current paths, i.e., two longitudinal X valleys (Xi valley) aligned in the current direction with the r point at the zone center and four transverse X valleys (Xt valley). Although Beresford et al8 reported that a bound state associated with the X1 valleys of a single-barrier structure with a thin AlAs layer produces a negative differential resistance in the I-V characteristics, the role of X, valleys has been found insigticant for the r-X transport through tunneling barriers with a thickness larger than 300 A.5Z10P1' One way to clarify the complicated current conduction mechanisms through the sixfold degenerate X minima is uniaxial stress applied external to the sample to remove the X-point degeneracy. The analysis of the external stress-dependent I-V data based on the Fowler-Nordheim plot approach" has confirmed that the X, valleys are more favored in electron transport through thick X barriers due to the fact that the effective mass of X, valleys in the electron propagation direction (-0.19me) is much smaller than that of the X; valleys (-1. lmo). Furthermore, it was observed that the prefactors of thermionic emission and tunneling currents for the case of IT-X transport are significantly smaller than those of r-r transport."rO"* These facts indicate that the wave-function selection rules at the heterojunction interface play an important role in the perpendicular transport across the heterojunction barriers.
In this article biaxial-strain-dependent r-X transport in In&l, -,As pseudomorphic heterojunction barriers is studied by measuring temperature-dependent I-Ir characteristics. Three different n-GaAs/i-In,Al,-&s/n-GaAs heterostructures with indium mole fractions of 0, 0.03, and 0.06 were grown by molecular-beam epitaxy (MBE). Each structure has a 600~A-thick tunneling barrier in which a different degree of internal biaxial compressive strain is generated according to the incorporated indium composition. The details of sample preparation and measurements are described in Sec. II. Theoretical methods used for the analysis of measured I-V-T data are presented in Sec. III. In Sec. IV, the experimental conduction-band shifts with biaxial strain are compared with the theoretical predictions based on the model-solid theory. The conclusions are given in Sec. V consisted of a 0.5 pm n-* GaAs layer, a 1.0 pm rz-GaAs layer, an undoped 600 A In,Al,-,As barrier layer, a 1.0 ,um n-GaAs layer, and a 0.5 pm n' GaAs layer. Nominal values for x were 0, 0.03, and 0.06. The thickness and indium compositions of the barrier layer were selected to study the perpendicular transport process of thermionic-field emission across pseudomorphic InAlAs barriers under the built-in biaxial strain effects. The maximum amount of indium was determined considering the critical thickness of the material system.15 The nf doping level was 2.OXlOr' cmm3 and the it-doping level was 2.0X1016 cmd3. The dopant was Si throughout. The growth temperature was nominally 580 "C throughout the growth of the structure with the AlAs barrier. For the InAlAs barrier layer structures the growth temperature was lowered 15 "C (from the 580 "C used for the GaAs layers) for the growth of the barriers with the intent of suppressing indium segregation and reevaporation from the surface. The temperature adjustment was abrupt as possible within the response time limitation of the system. Growth interruptions were not employed to avoid possible accumulation of background contamination from the vacuum system ambient. Si doping levels were continuous up to each interface. Due to the low doping levels involved Si segregation effects should be negligible.
The samples were processed using standard photolithography and liftoff procedures. Circular 60-and 90-pm-diam mesa-isolated' diodes were fabricated for each sample. Ni/ Au/GefI'iJAu ohmic contacts were made to the back of the sample and to the top GaAs. In order to remove the effects of different processing conditions on the characterization of the properties of each heterostructure, all three samples were fabricated in parallel under the same processing conditions.
B. Measurement
The temperature-dependent I-V characteristics were measured with a HP 4145B parameter analyzer for samples mounted in a Joule-Thomson expansion-cooled cryostat that can maintain temperatures to tl K in the range 77-370 K. For all measurements the top contact was biased with respect to the substrate, which was held at ground potential. The reproducibility was confirmed by measuring consistent I-V characteristics over the device structures randomly selected across the wafer. For all samples, slight asymmetries were observed in the I-V characteristics despite the nominally symmetric structure. As discussed later this asymmetry is attributed to differences in the monolayer scale roughness at the two interfaces. At each temperature the current ratio of the two different diameter diodes was measured. For temperatures above -200 K, the current ratio was verified to be the area ratio of the two different size diodes; however, at lower temperatures it was observed that the current ratio slightly deviates from the area ratio and varies to some extent from sample to sample, indicating the presence of locally distributed current conduction sources. The observation of this excess current at low temperatures has been reported for similar semiconductor-insulator-semiconductor (SIS) structures.1**16'17 Impurity-assisted tunneling across the barrier or current conduction through the surface states has been considered as a possible source of the excess current.
For accurate characterization of barrier parameters under the relatively small built-in stress produced by the pseudomorphic growth, I-V-T data taken above 250 K,were used for the analysis. In this temperature range, the transport across the barrier is dominated by thermionic processes and the large current conduction over the barrier will ensure the accuracy of parameters extracted based on the thermionicfield-emission theory.
The C-V characteristics were also measured at a temperature of 77 K with an HP4275A LCR meter to check the quality of the undoped InAlAs barrier layers. The measured C-V curves were symmetric and C-V shifts due to trapped charge at the barrier, which has been reported in similar structures," were not observed in any of the samples.
III. THEORETICAL METHODS FOR THE ANALYSIS OF I-V-T DATA
A. Description of a numerical model The total current density J at a temperature T across an InAlAs barrier is given by a sum of the current components which flow through several sets of nonequivalent valleys. For transport in the (100) direction, the current across the barrier is determined primarily by the current conduction through the X valleys. The contribution of a F-I transport process is not considered here because of the large barrier height of -1 eV. Although there are two current channels of the longitudinal and transverse valleys for the I-Xtransport, the parameter extraction of electron transport across each barrier is performed based on the current expression given by Eq. (1) in which the two current paths through the X valleys are not separated. This is due to the fact that, even though two sets of parameters can be used to consider the two different X-valley channels for the data fitting, there is no way to determine uniquely a set of parameters among many possible combinations especially under the relatively weak built-m strain effects investigated here. Therefore, in this study only one set of barrier parameters is defined and used to characterize the overall electron transport through the sixfold degenerate X valleys. The total electron current flowing across a rectangular barrier located between x=x1 and x7, the first and second grown interfaces, is given by19
( 1) where A * is the effective Richardson constant, k is the Boltzmann constant, D(E,) is the quantum-mechanical transmission probability, E, is the energy of electrons in the current direction, and Ef is the Fermi level. In order to obtain the conduction-band profile to calculate the conducting current across the barrier, Poisson's equation is solved, g= E 2 =-q(ND+-n), i 1
( 2) where Cc, denotes the electrostatic potential, n is the electron density, and ND' is the ionized donor density. For a parabolic band, the electron density is given by
where NC is the effective density of states in the conduction band and F, is the Fermi-Dirac integral of order l/2. The ionized donor density is calculated from the charge neutrality using the following expression:
where ND is the donor density, gD is the ground-state degeneracy factor of the donor level, and E, is the donor activation energy. As for Si in GaAs, gD is 2 and EI, is 0.005 eV," respectively.
where h is Planck's constant, lnz is the electron tun neling mass, E, is the energy of the conduction band at X=XE (x1~xE~x2), E,i,=max[E,(x;),E,(x2+)1, and
Using the Boltzmann distributit:for the electrons going over the barrier by thermionicfield emission, since energies are more than a few kT above the Fermi level, the current flux injected from the left-hand side of the barrier for the forward bias case is expressed from W. (1) as The conventional calculation scheme solves Poisson's equation usually assuming that the Fermi level is flat in the cladding layers and varies only across the barriet21pZ2 Although this assumption has been widely used in a number of numerical calculations for low-bias cases, the assumption of flat Fermi levels in the cladding layers is questionable for device structures investigated here especially at high biases. In order to overcome this limitation and evaluate the current crossing the barrier in a self-consistent manner, both the current continuity and Poisson's .equations are solved simultaneously. For this purpose, a current continuity equation is formulated by coupling the tunneling and thermionic emission processes across the barrier with the drift-diffusion processes in the cladding layers. The drift-diffusion current for the cladding regions is given by dEf J=p,n dx.
The use of the drift-diffusion transport scheme in the cladding layers makes it possible to calculate the Fermi level of the entire device structure self-consistently by conserving the current. Two-dimensional quantum-mechanical effects such as energy subbands in the accumulated region and the effects of hot electrons are neglected, because the device dimensions investigated here are much larger than the mean free path of electrons and the applied bias is not large enough to induce any significant quantum effects in the accumulated region. The two different transport schemes are coupled by boundary conditions for the thermionic-field-emissioncurrent across a rectangular (or more generally trapezoidal) barrier. Using the WKB approximation, the transmission probability for electrons at the barrier is expressed as follows: where vb denotes the potential drop across the In&As barrier for a given bias. Expressions for Ji and J2 under reverse bias also can be derived in a similar fashion. The contribution of tunneling is formulated through a parameter S being evaluated from the conduction-band profile and a tunneling mass mf based on Eq. (8). As can be seen from Eqs. (7) and (9), the electron transport across a trapezoidal barrier is characterized by the four parameters of A!, AE,,, AEc2, and rnz. Except for these four parameters, all the other quantities such as the Fermi level (or electron density) and electrostatic potential are self-consistently determined throughout the structure. By implementing the electron fluxes over the barrier represented by Eqs. (7) and (9) as boundary conditions at the heterointerfaces on the one-dimensional drift-diffusion numerical scheme represented by Eq. (5), the current continuity and Poisson's equations are simultaneously solved. The details of calculation procedures can be found in Ref.
23. The self-consistently calculated Fermi level at T=300 K at a bias of. -0.8 V is shown in Fig. 2 for a device structure illustrated in Fig. 1 . When the applied bias is less than 0.6 V, the Fermi levels in the cladding layers have been found to be nearly constant; however, when the applied bias exceeds 0.6 V for the temperature range investigated here, the Fermi level is observed to bend in the depleted region as shown in Fig. 2 . In the present study, the numerical model described above is used to calculate the theoretical I-V characteristics and to fit them to the measured I-V data. The four parameters A *, AE,,, hEcz, and m,* are used as fitting parameters. The slight asymmetry in the I-V characteristics is modeled by replacing the ideal rectangular barrier with equal F-X offsets by a trapezoidal barrier with the two different offsets, AE,, and AEc2. The device structure shown in Fig. 1 is used in the simulation including the heavily doped nf layers except only for the thick substrate. The material parameters used in this calculation are taken from Ref. 24. The temperature dependence of energy band gap and electron mobility also have been taken into account." The detail parameter extraction procedures and results of the data fitting are discussed in the following subsection.
Analysis of I-V-T data
The analysis of measured I-V-T data begins with finding the barrier activation energies AE& and the prefactor A ** from the conventional approach based on the Arrhenius plot of ln(J/T') vs 1/T.5,10,11,Z These values are then used as initial guesses for the data fitting based on the numerical approach described in the previous subsection.
Under a relatively small bias over the temperature range investigated here, the current conduction across the InAlAs barrier is primarily determined by thermionic emission of electrons. When the magnitude of the applied bias is greater than a few kTlq, the electron flux from one direction in Eq. (1) dominates the other depending on the bias polarity. Under this condition, rearranging Eq. (7) yields the following expression for the forward bias case:
where ~7 represents the separation between the conductionband edge and the Fermi level in the quasineutral region, and A** and AEzi denote the prefactor and the activation energy seen from the emitter side. It should be noted that the prefactor and the activation energy in the above equation are functions of applied bias and are different from the effective Richardson constant A * and the conduction-band offset AE, defined in the previous subsection. By plotting ln(JIT*) + v(T) vs l/T at each bias, the activation energy and the prefactor are obtained from the slope and the intercept at l/T=0 of the Arrhenius plot as a function of applied bias using a least-squares-fitting algorithm. The Arrhenius plots and the corresponding prefactors and activation energies obtained for an Inuo3Alo,&s barrier are shown in Fig.  3 . The values of A ** and AE,X that are extrapolated to zero bias are usually considered as the effective Richardson constant A* and the conduction-band barrier height AE, . Although this scheme of parameter extraction has been widely used because of its simplicity, some care is required for the accurate characterization of barrier parameters. Even though the effects of band bending on A** and AET are removed by extrapolating them to the flatband case, the fact that Eq. (10) is strictly valid only when the applied voltage is greater than a few kT/q limits the accuracy of this simple method. The strong bias dependence of the prefactor observed in Fig. 3(c) for the bias range below a few kTlq makes the accurate determination of A * difficult. The value of A * obtained from the prefactor at a small bias close to the tlatband condition can significantly underestimate its true value. In addition, To overcome these difficulties found in the conventional extrapolation scheme, the full I-V characteristics are used in the analysis. By employing the numerical model~described in the previous subsection, the I-V characteristics are calculated as a function of temperature and fitted to the experimental I-V data measured over the bias range from -1 to 1 V (-0.5 to 0.5 V in some cases depending on the data) at temperatures above 250 K by varying the four parameters of A*, AE,r, AEc2, and rnz . For the tunneling mass rnz , the two different values of 0.1 9mo for the transverse X valleys and l.lma for the longitudinal X valleys of A.lAs (Ref. 26) are used during the fitting procedures for all three barriers. This assumes that these effective masses are not modified significantly under the weak biaxial strain effects. Although the actual tunneling masses below-the band edge are typically less than. the band-edge effective masses,27'28 these effects are considered to be small in this study due to the thick tunneling barriers.53'1 One important fact found through these fitting procedures is that the data fitting can be achieved only with the lighter mass of 0.19mo. The use of a heavy longitudinal mass for the tunneling mass leads to a considerable underestimation of tunneling contribution to the total current, whereas the transverse mass of 0.1 9mo gives an excellent fit to experiment results as shown in Fig. 4 . The results partly illustrate that the transverse X valleys are more favored between the two different X valleys as was revealed by with fixed barrier heights, the values of AE,, and AE,, are updated based on the error between the theoretical and experimental results. These procedures continue until the standard variation between the experimental and calculated results is minimized. The fact that a slight variation of the conduction-band offset has a significant impact on the I-V-T characteristics ensures the accuracy of the extracted values of AE,, and AE,, within an error margin of about %2 meV. Figure 5 shows the theoretical I-V characteristics fitted to the experimental data for an In,,O&lO,,,As barrier. For each barrier, the I-V-T data of two different diodes were analyzed and the extracted values of A*, AE,,, and AEc2 are summarized in Table I . As is seen for the case of sample ED052B [ Fig. 3(b) and Table I ], the barrier heights obtained based on the full analysis are slightly larger than the activation energies extracted from the Arrhenius plot analysis. For all samples the I-V characteristics were slightly asymmetric despite the nominally symmetric device structure. The asymmetry could be due to several different effects: dopant diffusion, Ga and/or-In surface segregation, or differences in the length scale of the interfacial roughness affecting r-X scattering rates. At a doping level of 1016 cme3 movement of the Si is considered unlikely. Segregation of Ga and/or In is more likely to produce the observed effect, however, the degree of asymmetry is essentially independent of In concentration which should be expected to segregate the most strongly.2g'30 Finally, if one considers the length scale of the surface roughness to be a relevant factor it should be expected that the GaAs-to&As interface should have larger regions of monolayer planarity than the AlAs-to-GaAs surface due to the higher surface mobility of Ga atoms as compared to Al atoms. Al atoms should control interface roughness for low In fractions as well as for pure AlAs. The rougher InAlAs-to-GaAs interface might be expected to enhance the direct to indirect scattering rate and lower the ap-parent barrier height consistently in all cases. Taking the values of AE,, as conduction-band offsets for the corresponding heterostructures, it is found that the conduction-band offset increases linearly by 10 meV per 3% increase of indium composition. The conduction-band discontinuity of the AlAs barrier obtained here is in good agreement with the values reported by other authors5J31 within the indicated experimental error range. The observed increase of A* with the indium addition as shown in Table I indicates that the overall electron transport is enhanced with an increase of splitting between the X, and XI valleys even though the barrier heights associated with both valleys are actually increasing.
In order to achieve further understanding on the experimentally characterized strain effects, a theoretical calculation of strain-dependent band-edge shifts is performed based on the model-solid theory14 in the following section.
IV. BAND-EDGE SHIFTS UNDER BUILT-IN BIAXIAL STRAIN IN In,Al, -,As PSEUDOMORPHIC LAYERS
To study the band-edge shifts under biaxial strain of &Al,-,As pseudomorphic to a GaAs substrate, three factors need to be considered: first, alloy-induced changes in band gap and offset; second and third, the hydrostatic and uniaxial components of strain, respectively.
To account for the alloy effects in In,Al,-,As with the inclusion of indium, the material parameters of In,Al,-,As are determined from known values of each alloy by the interpolation scheme. The material parameters of InAs, AlAs, and GaAs used in the calculation are summarized in Table II . The listed parameters show the values at T=300 K. The linear interpolation approximation was used for all the alloy parameters except for the energy levels of the X-point conduction band Ei and the average valence band E;,,, which is used as an energy reference in the model-solid theory.14 The bowing of Et with the addition of indium is taken into account by a bowing parameter of 0.129 eV.32 The nonlinear behavior of E,,,,g in In&l,-,As alloys is considered in this calculation by adopting a theoretical expression suggested in Ref. 14.
For biaxial strain along in-plane [loo] directions, the shifts and splittings of the X-point conduction bands due to the hydrostatic and biaxial compression in a pseudomorphic In,Al,-,As layer are calculated as follow~:~~ (15) which is determined by the lattice constant of GaAs, ao, and that of In,Alr -,As, a,. Here, AX,, is the hydrostatic component of the biaxial compression, AX, is the shear component, and AX, and AX, are the split shear components for the Xf valleys and the XI valleys, respectively. Cr, and Cl2 represent the elastic stiffness constants and Exh and zxS denote the hydrostatic and shear deformation potentials, respectively. The l/3,2/3 splitting of X valleys conserves the center of mass of the density of states.
The shifts of the r-point valence bands are obtained as follows:
AV,= -~Ao+~6Eoo1+&,A~+AoSEoor
(191 where 6E 001---2~3,,(1+2C121Ct.l)ell. cm
Here AV,, is the hydrostatic component of the biaxial compression and AVmr, AV,,, and AVso are the split shear components for the heavy hole, the light hole, and the splitoff bands, respectively. A0 is the spin-orbit splitting and EYuh and E,, denote the hydrostatic and shear deformation potentials for the valence bands, respectively. By considering all the changes induced by alloy and biaxial strain, the overall shifts of the band edges for both conduction and valence bands are calculated based on the model-solid theory.r4 In order to confirm the reliability of this model, the experimentally observed lineups in closely related systems of GaAsjAlAs and In0.52Alo.4sAs/ InussGaa4+s were first evaluated prior to calculating the behavior of the X-point energy in pseudomorphic In&,-,As.
To fit the experimental values of AE, of 0.55 eV (:Ref. 25) for GaAs/AlAs and 0.2 eV (Ref. 34) for Ino.52~,sAs/Ino.53Ga0.4~~, the reference energy E,,, of AlAs, which is found to be the most critical in the band lineup calculations of the corresponding material systems, was modified from a value of -7.49 eV (Ref. 14) to -7.45 eV. This new reference value gives the best results of 0.54 and 0.2 eV for the valence-band offsets, respectively.
In the calculation of a band-structure modification in In,Al,-,As, the value of -7.45 eV was used for Ev,avg of Table II were used. Figure 6 shows the theoretical movement of the X-point conduction-band edges of pseudomorphic I&Al,-,As with respect to the r-point conduction band of GaAs as a function of indium mole fraction. The experimental results obtained in the previous section are also compared. As is shown, the addition of indium gives rise to two significant effects on the conduction-band shifts. First, the biaxial strain built into In&l-,As barriers splits the band edges of X, and Xl further with an increase of indium composition. Second, both the transverse and longitudinal X valleys move up due to the upward shift of the reference level of E u,avg as the indium mole fraction increases. The experimentally determined conduction-band offsets are observed to increase as well with the increase of indium composition and follow the trend of transverse X valleys. This fact illustrates that the transverse valleys of the X point are indeed the dominant conduction channel for the electron transport across pseudomorphic In&, -,As barriers under the built-in biaxial effects, which was indirectly revealed by a tunneling mass of m-g, in the previous fitting procedures.
V. CONCLUSION
The I-V characteristics of GaAs/In,Al,-,As/GaAs pseudomorphic barriers with indium mole fractions~ of 0, 0.03, and 0.06 were measured as a function of temperature and analyzed to characterize the electron transport via the X valleys under the effects of internally generated biaxial strain.
For the accurate determination of barrier parameters, the full I-V characteristics across each barrier were calculated by employing a self-consistent numerical model and the measured I-V-T data were fitted by varying the parameters of A*, LIE,,,,, and m,* . The conduction-band offset was found to increase linearly by 10 meV per 3% increase of indium composition. The comparison between the experimental and theoretical band-edge shifts shows that the small tunneling mass and the low barrier height associated with the transverse X valleys make the electron propagation through this channel more efficient than that via the longitudinal X valleys. The enhanced total conduction capability with the indium addition, reflected as the increase of A*, indicates that the intervalley scattering between the six equivalent X valleys plays a significant role in the overall T-X transport processes.
